Rubisco activity (via the Calvin-Benson cycle) allow us to distinguish between the two inorganic carbon fixation pathways used. The relative importance of each pathway may be influenced by species composition (Glover and Morris, 1979; Descolas-Gros and Oriol, 1992) , environmental conditions and the physiological state of cells (Glover and Morris, 1979; Descolas-Gros and Fontugne, 1985; Mortain-Bertrand et al., 1988; Descolas-Gros and Fontugne, 1988) .
Various studies have revealed that different size fractions of phytoplankton have different specific ecological properties in photosynthesis (Chavez, 1989) . In oligotrophic environments, picophytoplankton [organisms between 0.2 and 2 µm in width (Sieburth et al., 1978) ] may be responsible for up to 70% of the chlorophyll a and up to 80% of the primary production (Krupatkina, 1990) . Several studies in the Mediterranean Sea, reviewed by Magazzù and Decembrini (Magazzù and Decembrini, 1995) , demonstrated that the picophytoplanktonic contribution to primary production varied from 31% to 92%. Additionally, the results indicated that the fraction measuring from 0.5 to 1.0 µm was much more productive than the 1.0 to 2.0 µm fraction. It is generally considered that small cells have higher photosynthetic efficiencies than large cells, due to a high ratio of surface area to volume (Malone, 1980a, b; Krupatkina, 1990) . This paper presents the simultaneous measurements of different photosynthetic activities during a relatively high frequency sampling over a 32 h period. Samples were collected at the DYFAMED time-series station site (JGOFSFrance) located in the central part of the northwestern Mediterranean Sea (Ligurian area) during a transitional period from mesotrophic conditions in spring to summer oligotrophy, under the influence of successive wind events (Andersen and Prieur, 2000; Vidussi et al., 2000) . During the 32 h cycle, at a fixed depth, we focused on the smallest members of the picophytoplankton by measuring chlorophyll, carboxylase activities and phytoplanktonic cell enumeration by flow cytometry in the 1 µm size fraction. The flow cytometry method relies on the autofluorescence of pigments for detection and enumeration of phototrophs in the small plankton community (Yentsch et al., 1983; Olson et al., 1985; Wood et al., 1985) . Flow cytometry analyses offer the potential for added specificity, since discrete components of the community can be followed, thus reducing the potential for interference by changes in the community composition (Olson et al., 1991) . The combination of methods allows us to determine the contribution of very small phytoplankton to the total carboxylase activities. It also enables us to follow the in situ variations of the carboxylase activities by size classes and, at a cellular scale, by expressing Rubisco activity per cell.
M E T H O D Sampling station
The present work was part of a more general investigation of biogeochemical processes (DYNAPROC cruise, JGOFS-France, May 1995) conducted mainly at a timeseries station in the open north-western Mediterranean Sea, on board the R.V. Le Suroit and Théthys II (Andersen and Prieur, 2000) . The study was located at the permanent DYFAMED (Buat-Ménard and Lambert, 1993) site, 28 miles off Cap Ferrat (France) in the central zone of the Ligurian Sea (73°25ЈN-7°51ЈE).
Fixed depth (30 m) samplings were performed from May 14 at 17:30 h to May 16 at 01:00 h (local time), using two different, but simultaneous, sampling methods: Niskin bottles for size-fractionation filtrations and underwater pumps for total filtrations. Samples were collected every 4 h during a 32 h cycle on board the R.V. Théthys II. The fixed sampling depth was chosen based on the depth of the chlorophyll maximum as observed at the beginning of the DYNAPROC Cruise (May 2 1995), which was located at 30 m (Vidussi et al., 2000) . The chlorophyll maximum was shifted up to about 20 m after a wind event on May 13 and remained at about 20 m during our study period. Although our sampling depth was just below the chlorophyll maximum depth, the maximum of primary production performed in situ from 14 h incubations, was located at 30 m on May 14 and 15 (Vidussi et al., 2000) .
Sample collection by underwater pumps
Sea water was collected by underwater pumps (Challenger Oceanic INSU-CNRS) every 4 h during the 32 h cycle at 30 m depth, which permitted large volumes of water (50-100 l h -1 ) to be filtered on 142 mm diameter (0.7 µm pore size) glass fibre filters (Gelman). The underwater sampling was carried out less than 1 h after the Niskin bottle sampling for size-fractionation.
Size-fractionation filtrations
At each sampling time, 5 l from Niskin bottles were sampled for two simultaneous size-fractionation filtrations. All samples were pre-filtered through a 200 µm nylon mesh to remove larger zooplankton assemblages. Filtrations and size-fractionations were carried out with 1 µm Nuclepore and GF/F Whatman filters within 1 h of sampling (Figure 1 ).
Three litres of water were filtered (with pressure <230 mmHg) for size-fractionated carboxylase activities (see [A] and [B] in Figure 1 ) and 2 l were filtered for size-fractionated chlorophyll measurements (see [C] and [D] in Figure 1 ). Subsamples were taken for flow cytometric analysis from each fraction during the carboxylase size-fractionation filtration: the first subsample was taken from the bulk seawater sample (see [1] in Figure 1) ; the second was taken after Nuclepore filtration (see [2] in Figure 1 ); and the last subsample was taken after GF/F Whatman filtration (see [3] in Figure 1 ). The picophytoplankton cell concentrations were calculated as the difference in the number of cells measured in filtrate [2] and filtrate [3] (see Figure 1 ). Two filters (Nuclepore and GF/F Whatman) for carboxylase assays and two filters for chlorophyll (a, b and c) analysis were stored in the dark in liquid nitrogen. Samples for flow cytometric analysis were fixed with formaldehyde (2% final concentration) and stored in liquid nitrogen (Troussellier et al., 1995) .
Chlorophyll concentrations
The concentrations of chlorophyll a, b and c were determined using the spectrofluorimetric method described in Neveux and Lantoine (Neveux and Lantoine, 1993) .
Flow cytometry analysis
Flow cytometry analyses were run with a FacsCalibur flow cytometer (Becton Dickinson, San Jose, CA) equipped with an air-cooled argon laser (15 mW). Phytoplankton cells were detected according to their right-angle light scatter (related to cell size and structure) and to their orange and red fluorescence emissions (due to phycoerythrin and chlorophyll pigments), collected through 585/42 nm band pass and 650 nm long pass optical filters respectively. One micrometre beads (Polysciences, Warrington, PA), used as internal standard, were systematically added to samples in order to normalize cell fluorescence emissions and to compare the different phytoplankton groups. Each group was characterized by their red fluorescence relative to the 1 µm beads (expressed in bead fluorescence units, bfu) and their rightangle scatter relative to the 1 µm beads (expressed in bead scatter units, bsu). Flow cytometry allowed us to differentiate phytoplankton with sizes ranging between 0.5 µm and 50 µm (flow cytometer injector size).
Carboxylase activity measurements
The in vitro carboxylase activity measurements allowed us to quantify the in vitro Rubisco activity and ␤-carboxylase activities (phosphenolpyruvate carboxylase [PEPC] , phosphoenolpyruvate carboxykinase [PEPCK] , pyruvate carboxylase [PYRC] ). The carboxylase activities were determined by measurements of the incorporation of radioactive bicarbonate into stable products. All carboxylase assays were made on the same extract. Extraction was carried out at 0ºC and pH 8, following the protocol described in Descolas-Gros and De Billy (Descolas-Gros and De Billy, 1987) . For the Rubisco assay, the reaction mixture contained 50 mM Tricine buffer (pH 8), 5 mM dithiothreitol (DTT), 10 mM MgCl 2 , 20 mM NaH 14 CO 3 and 100 µl of the crude extract. For the other three assays, the reaction mixture contained 50 mM PIPES buffer (pH 6.8) instead of Tricine buffer. Moreover, 5 mM MnCl 2 and 5 mM ADP were added for the PEPCK assays, and 5 mM MgCl 2 and 5 mM ATP were added for the PYRC assays. All reactions were initiated after a pre-incubation period of 10 min by adding substrates: 2 mM RuBP for the Rubisco assay, 5 mM PEP for the PEPC and PEPCK assays and 5 mM pyruvate for the PYRC assay. All mixtures were incubated at 25ºC for 20 min. The reactions were stopped by the addition of 6 M HCl. More details on the protocol are given by Descolas-Gros and colleagues (Descolas-Gros and Fontugne, 1985; Descolas-Gros and De Billy, 1987; Descolas-Gros and Oriol, 1992) . Every carboxylase assay was carried out in triplicate and was automated with a Gilson auto-analyser (222 Autosampler Injector interfaced with a Dilutor 401). Carboxylase activity is expressed in nmol CO 2 l -1 h -1 , with an assay error <15%, or normalized per chlorophyll a unit (nmol CO 2 µg Chl a -1 h -1 ). The ␤-carboxylase activity (sum of PEPC, PEPCK and PYRC), expressed as a percentage of Rubisco activity (␤C/R in %) is used to reflect the relative contribution of the different assimilation pathways (Descolas-Gros and Oriol, 1992) . A low ratio (<40%) indicates a significant contribution of photoautotrophy relative to the ␤-carboxylation pathway and is characteristic of strictly autotrophic cells in good physiological state (Descolas-Gros and Fontugne, 1990; Descolas-Gros and Oriol, 1992) .
Values for the picophytoplanktonic contribution to Rubisco activity, chlorophyll concentration and cell numbers were obtained from the size-fractionated filtrations as described above. Enumeration by flow cytometry concerned phytoplankton with cell size less than 50 µm, thus the Rubisco activity and chlorophyll are expressed as per cell for the <1 µm phytoplanktonic fraction only.
R E S U LT S Comparison of results from underwater pumps and size-fractionation filtrations
The variations in carboxylase activity per litre (Rubisco and ␤-carboxylase activities) from underwater pumping and from the sum of size-fractionated values (>1 µm + <1 µm carboxylase activities) were very similar (Figure 2 ). The averages of Rubisco and ␤-carboxylase activities were 15.0 ± 7.2 and 3.5 ± 2.6 nmol CO 2 l -1 h -1 respectively, for samples from the underwater pumps (n = 9), and 15.3 ± 8.9 and 3.0 ± 2.1 nmol CO 2 l -1 h -1 , respectively, for the sum of the size fractions (n = 8). Therefore, we assume that the values of carboxylase activity from size-fractionation filtrations are representative of the in situ photosynthetic activity and that the shipboard filtrations did not change the measures of the in vitro carboxylase activities. Similar observations have been made from in situ values sampled in the Indian sector of the Southern Ocean (Fouilland et al., 2000) . The largest differences between the values from the two sampling methods, observed especially at night, could be due to some disparity in sampling times.
Flow cytometry detection: comparison of the different <1 µm cell groups
According to their light scatter and fluorescence properties, different cell types were identified and numerically followed as cyanobacteria cells, small eukaryotes and large eukaryotes.
Unidentified cells, presumably small eukaryotes, were found to pass through the 1 µm filter (Figure 3) . Some large eukaryote cells, with large apparent size and high red fluorescence, were present in the filtrate after 1 µm filtration, with very low cell numbers (<30 cells ml -1 ), constituting <0.2% of total cell numbers after 1 µm filtration (Figure 3 ). In the <1 µm filtrate, a population of cyanobacteria was identified according to its typical orange and red fluorescence (Figure 3) . The relative contribution of cyanobacteria cells to the total number of <1 µm cells ranged from 66% to 90% during the cycle (Table I) .
The red fluorescence for each cell group in the <1 µm fraction was summed and compared with the <1 µm chlorophyll a+b+c concentrations. A positive linear regression was observed between these two measures (R 2 = 0.86, n = 7). The total red fluorescence was thus directly correlated with the chlorophyll pigment concentrations measured in the small phytoplankton fraction and the relationship was used to define the <1 µm apparent chlorophyll. During the 32 h cycle, the contribution of the eukaryote cells to the <1 µm apparent chlorophyll was followed (Table I ). The contribution of eukaryote cells to the <1 µm apparent chlorophyll varied from 28% to 77% and was highest during the light period (≥75%).
Size-fractionated results expressed per litre
The chlorophyll concentrations, as well as the carboxylase activities, from both size classes and <1 µm cell numbers are reported in Table I . Small phytoplankton (<1 µm) contributed about 23% of the total phytoplankton chlorophyll and about 19% of the total Rubisco activity. The ␤C/R ratios averaged 18 ± 6% for the >1 µm fraction and 33 ± 16% for the <1 µm fraction, and were generally less than 40%, indicating that the in vitro Rubisco activity (photoautotrophic CO 2 fixation) was dominant. The >1 µm Rubisco activity and ␤-carboxylase activity seemed to (Table I) .
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Size-fractionated carboxylase activities expressed per chlorophyll a unit
The Rubisco activity averaged 12.8 ± 3.8 nmol CO 2 (µg Chl a) -1 h -1 and 10.5 ± 3.8 nmol CO 2 (µg Chl a) -1 h -1 and the ␤-carboxylase activity averaged 2.5 ± 1.3 nmol CO 2 (µg Chl a) -1 h -1 and 3.4 ± 1.7 nmol CO 2 (µg Chl a) -1 h -1 for the >1 µm and the <1 µm fractions, respectively. During the 32 h cycle, a strong day/night variation of Rubisco and ␤-carboxylase activity per Chl a was observed for the >1 µm phytoplankton, with the highest values being measured during the day and the lowest at night (Figure 4) . A similar pattern was observed for the >1 µm Rubisco activity and ␤-carboxylase activities per litre (Table I) . For the <1 µm fraction, an increase in Rubisco and ␤-carboxylase activities per Chl a unit occurred during the latter hours of May 15. This was especially notable for Rubisco activity per Chl a, which increased twofold ( Figure 4 ) and may be explained by the stronger decrease of <1 µm chlorophyll per litre relative to the decrease of <1 µm Rubisco activity per litre on May 15 from 17:30 h (Table I) .
Rubisco activity and chlorophyll expressed per cell for <1 µm cells
During the 32 h cycle, the chlorophyll and Rubisco activity expressed per cell for <1 µm phytoplankton varied from 19 to 43 fg Chl cell -1 and from 0.11 to 0.24 fmol CO 2 cell -1 h -1 , respectively. The highest values for these two variables were observed during the light period ( Figure 5 ). During the second dark period, the Rubisco activity per cell remained high while the chlorophyll per cell decreased ( Figure 5 ).
D I S C U S S I O N Influence of species succession on the variation of >1 µm carboxylase activities during the 32 h cycle
The particulate organic matter at 30 m depth during this 32 h cycle mainly originated from photosynthetic processes, as suggested by the good relation obtained between particulate organic carbon (POC) and Chl a concentrations and by the POC/Chl a ratio being lower than 200 (Bentaleb et al., 1999) . From the present results, larger phytoplanktonic cells (>1 µm) showed a close diel variation of carboxylase activity per Chl a during the 32 h cycle, with the highest values measured during the day and the lowest measured during the night (Figure 4) . The co-variation of ␤-carboxylase and Rubisco activities per Chl a during this cycle showed that these two C assimilation pathways were strongly interdependent (Falkowski and Raven, 1997) . Nevertheless, these diel variations could reflect a change in the >1 µm species composition of the phytoplankton at 30 m depth during the cycle. From high-performance liquid chromatography pigment detection (data provided by F. Vidussi), an equivalent Chl a for chromophyte nanoflagellates (identified by 19Ј-hexanoyloxyfucoxanthin + 19Ј-butanoyloxyfucoxanthin pigments) and diatoms (identified by fucoxanthin pigment) was estimated through an empirical regression equation. Coefficients for the relationship at 30 m depth were determined by Van Wambeke and Vidussi (Vidussi et al., 2000) . Higher contributions of chromophyte nanoflagellates to the total estimated chlorophyll a (TChl a) relative to the diatom contribution were observed in association with the highest Rubisco and carboxylases activities ( Figure 6 ). The chromophyte nanoflagellates, mainly prymnesiophytes (Vidussi et al., 2000) , dominated on May 14 at 17:30 h and on May 15 at 09:30 h, contributing >30% of the TChl a ( Figure 6 ). The peak of Rubisco and ␤-carboxylase activities per Chl a observed during the light period of the cycle (Figure 4 ), may be due both to the higher contribution of nanophytoplankton to the TChl a and to the light regulation of Rubisco activity. This latter regulation could explain the measurement of the highest Rubisco activity per Chl a on May 15 at 09:30 h, whereas the highest contribution from nanoflagellates was observed on May 14 at 17:30 h. Moreover, the highest ␤C/R ratios were measured (≥20%) during the period of nanoflagellate dominance ( Figure 6 ). In the prymnesiophyte group, ␤-carboxylase activity relative to Rubisco activity appeared to be greater than for temperate diatoms (Descolas-Gros and Oriol, 1992) . This observation could confirm the hypothesis of such a prymnesiophyte dominance in the >1 µm production at 30 m depth during the 32 h cycle. Thus, these phytoplankton species could possess a CO 2 fixation metabolism with a higher ␤C/R ratio and a higher in vitro carboxylase (Rubisco and ␤-carboxylase) activities per Chl a than Mediterranean diatoms. As the sampling depth was below the chlorophyll maximum, such high potential C metabolism appeared to be well adapted to the low irradiance conditions, which concurs with the classical view that small phytoplankton cells are usually more efficient at using low light intensities for photosynthesis due to a smaller package effect in photon absorption [reviewed in (Raven, 1998) ].
Dependence of cellular chlorophyll and Rubisco activity variations on the cyanobacteria and eukaryote cell proportions
The Rubisco and ␤-carboxylase activity per Chl a for the <1 µm fraction did not show a diel variability during the 32 h cycle. However, a strong increase occurred at the end of the cycle, which was explained by a strong decrease of <1 µm biomass (Table I) . Likewise, no diel variation of the Rubisco activity per cell was observed during the cycle ( Figure 5) . No relationship between the cellular Rubisco activity and the environmental conditions induced by the episodic wind event was clearly shown. On May 13, a high wind event has been reported in the study area (Andersen and Prieur, 2000) . The event induced an upward shift of the nitracline, accompanied by an enrichment of nitrate and phosphate, and a decrease of water temperature at 30 m depth (Andersen and Prieur, 2000) . The water temperature at 30 m depth decreased from May 11 to May 15 and then became relatively constant. Conversely, nitrate and phosphate concentrations increased from 2 µM to 6 µM and from 0.05 µM to 0.25 µM, respectively. Ammonium concentration remained constant (0.01 µM) over the sampling period.
The maximal values of the surface light irradiance calculated by the Klein model (Chifflet, 1996) varied from 500 to 900 µmol m -2 s -1 . Based on nitrogen (nitrate + nitrite) values and phosphorus concentrations, the calculated N/P ratio was about 50 before May 15 and decreased to about 25 after this date at 30 m depth. Despite the low ambient ammonium concentration and unfavourable N/P ratio, evidence of a negative influence of the environmental conditions on diel cellular Rubisco 19ЈHF + 19ЈBF) and diatom pigments (fucoxanthin) to the total pigments (TChl a) for the whole phytoplankton assemblage as measured by HPLC analysis (Vidussi et al., 2000) (Collier, 2000) ]. The differences in cellular content between the two types of cells were thus explained by the twofold difference in apparent cell size for small eukaryotes compared to cyanobacteria, consistent with the ratio obtained for chlorophyll content. Only a few references have made comparisons of these two small cell groups in terms of CO 2 fixation per cell. Glover reported values of specific cyanobacterial Rubisco activity between 1 and 3 fg C cell -1 h -1 for the 0.6-1 µm fraction, with Synechococcus spp. accounting for more than 93% of autofluorescing cells (Glover, 1989) . These values are close to those estimated from our study. This author used a similar combination of methods (i.e. an enzymatic method and a combination of epifluorescence microscopy and sizefractionation techniques) for the study of samples from the Atlantic Ocean. CO 2 uptake was estimated for autotrophic prokaryote and eukaryote picoplankton using a compilation of biovolume data, which was converted into carbon per cell combined with specific growth rate data from the literature (Li, 1986) . Li showed that picoeukaryote CO 2 uptake was 2.3 times greater than that of cyanobacteria, which is consistent with the observations in this study. The same difference between the two cell groups was noticed in Lake Kinneret (Israel), with values of maximum cell-specific photosynthetic rates of C fixation by <3 µm picoeukaryotes being 2.5 times more than values for pico-cyanobacteria cells (Malinsky-Rushansky et al., 1997) . Nevertheless, similar values of CO 2 fixation per cell were shown for these two cell groups (<1 µm cell diameter) using flow cytometric sorting of 14 C-labelled cells in the surface waters of the north Atlantic Ocean (Li, 1994) . Such an agreement in cell-specific CO 2 fixation is probably explained by the very similar apparent cell size of these two cell groups, as measured by flow cytometry (Li, 1994) . The difference between cyanobacteria and small picoeukaryote cells reported in the present study seemed to be related to cell size. Dorsey et al. phytoplankton cultures (Dorsey et al., 1989) . They obtained a positive linear regression between cell size and 14 C uptake per cell (1-10 µm size cell). In contrast, for larger cells (10 2 -10 7 µm 3 cells), as carbon per cell is proportional to volume of cell, the light-saturated photosynthesis rate is negatively correlated to cell size (Taguchi, 1976) . This suggests an optimum CO 2 uptake per cell related to its size. A size-dependence has also been shown for diatom growth rates [reviewed in (Geider et al., 1986) ], suggesting an evident relationship between photosynthesis providing the necessary energy for cell growth and the growth rate itself. Due to their tiny size, the growth rates of picophytoplankton were poorly studied, especially in the field. Nevertheless, the maximum growth rate reported in cultures by Throndsen (Throndsen, 1976) for Micromonas pussilla, a picoflagellate commonly observed in the Mediterranean Sea, was higher than values for cyanobacteria cells such as Synechococcus spp. in cultures [reviewed by (Furnas, 1990) ]. Moreover, using an experimental protocol with dialysis bags to study the effect of protozoan presence, FerrierPagés and Rassoulzadegan observed generally higher growth rates for autotrophic picoflagellates than for cyanobacteria sampled from surface sea water outside the Bay of Villefranche-sur-Mer, close to the permanent DYFAMED site (Ferrier-Pagés and Rassoulzadegan, 1994) . Such a difference in growth rates could be explained by higher cellular photoautotrophic capability for picoeukaryotes than for cyanobacteria cells. Thus, in vitro carboxylase activities for both large and small size phytoplankton assemblages during the sampling period were more dependent on a change in the dominant cell species or group rather than on the day/night cycle. The highest photoautotrophic capability was observed when nanophytoplankton and picoeukaryotes dominated in the >1 µm and <1 µm fractions, respectively. This suggests that these small cells are potentially more efficient at using light as an energy source than the larger phytoplankton, explaining their high contribution to primary production in unfavourable environments (low light and/or nutrient). However, it is difficult to show evidence of a clear pattern in cellular photoautotrophic capability using data such as cell abundance, which depend not only on the growth rates but also on physical phenomena, i.e. advection (Jacquet et al., 1998) and grazing rates. The combination of enzymatic assay and cell enumeration by flow cytometry on size-fractionation filtrations was the first step to estimate and follow cellular CO 2 fixation in the field. However, to gain further insight into the diel cellular cycle of phytoplankton, new methods, based on single-cell in vivo Rubisco activity adapted for a phytoplanktonic assemblage in the field, must be developed.
